Sexual activity and mating are accompanied by a high level of arousal, whereas anecdotal and experimental evidence demonstrate that sedation and calmness are common phenomena in the postcoital period in humans. These remarkable behavioral consequences of sexual activity contribute to a general feeling of well being, but underlying neurobiological mechanisms are largely unknown. Here, we demonstrate that sexual activity and mating with a receptive female reduce the level of anxiety and increase risk-taking behavior in male rats for several hours. The neuropeptide oxytocin has been shown to exert multiple functions in male and female reproduction, and to play a key role in the regulation of emotionality after its peripheral and central release, respectively. In the present study, we reveal that oxytocin is released within the brain, specifically within the hypothalamic paraventricular nucleus, of male rats during mating with a receptive female. Furthermore, blockade of the activated brain oxytocin system by central administration of an oxytocin receptor antagonist immediately after mating prevents the anxiolytic effect of mating, while having no effect in nonmated males. These findings provide direct evidence for an essential role of an activated brain oxytocin system mediating the anxiolytic effect of mating in males.
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black-white box ͉ elevated plus maze ͉ paraventricular nucleus ͉ risk-taking behavior ͉ anxiety T he neuropeptide oxytocin (OT) is a well acknowledged neuromodulator/neurotransmitter of the brain regulating emotionality, stress coping, and prosocial behaviors (1) (2) (3) . In females, high activity of the brain OT system has been linked to the fine-tuned regulation of parturition and milk letdown (4) , to the performance of maternal behaviors (3) , and to the low stress response characteristic for the peripartum period (5, 6) . Importantly, behavioral and physiological actions of intracerebral OT are not limited to females, because OT synthesis, local OT release, and OT receptor binding have also been demonstrated in the male brain (2, 7, 8) . A major site of both OT synthesis and release within the brain is the hypothalamic paraventricular nucleus (PVN) (2), a region integrating behavioral and neuroendocrine stress responses (9) . In male rats and mice, OT is an important regulator of sexual function (10), of anxiety (11) , and of stress-coping circuitries (12) (13) (14) . Moreover, in humans, intranasal OT was recently described to promote trust (15), and to reduce the level of anxiety (16) , possibly at the level of the amygdala (17) . With respect to sexual activity, preclinical (18) and human (19) research has shown elevated OT secretion into the blood during mating behavior and orgasm, respectively. Additionally, increased OT levels have been described in the cerebrospinal fluid after mating in rats (20) , which is indicative of stimulation of the OT system (21).
In combination, these findings lead us to hypothesize that mating results in reduced anxiety-related behavior, possibly mediated by an elevation in local OT release within the brain, specifically within the PVN. Therefore, after providing evidence for the anxiolytic effect of mating in males, intracerebral microdialysis was performed within the PVN of conscious male rats in the presence of either a nonreceptive (nonprimed; nonmated group) or a receptive (estrogen/progesterone-primed; mated group) female. Moreover, the causal involvement of brain OT in the reduced anxiety-related behavior found after copulation was examined by using a selective OT receptor antagonist administered immediately after mating.
Results

Effects of Mating on Anxiety in Males.
Male Wistar rats, which were successfully mated with a receptive female for 30 min during the dark phase, showed significantly reduced anxiety-related behavior, both on the elevated plus maze (22) (Fig. 1a) and in the black-white box (23) (Fig. 1b) , 30 min after removal of the female rat. Males that were mated spent a higher percentage of time in the unprotected and exposed open arms of the plus maze (factor mating, F (2, 25) ϭ 3.62, P ϭ 0.042, ANOVA) and entered the open arms more often (F (2, 25) ϭ 6.72, P ϭ 0.005) compared with single-housed and nonmated males (P Ͻ 0.05, Bonferroni's test). In confirmation, in the black-white box, mated males spent a higher percentage of time (F (2,25) ϭ 6.70, P ϭ 0.005) in the aversive lit compartment compared with the single-housed group (P Ͻ 0.05) (Fig. 1b) . The anxiolytic effect of mating was found to be a long-lasting and robust phenomenon, because increased risk-taking behavior on the plus maze could be confirmed both after 120 min (P Ͻ 0.05 versus single-housed) (Fig. 1c ) and 240 min (P Ͻ 0.001 versus single-housed and nonmated controls) (Fig. 1d ) after mating. Moreover, an anxiolytic effect of mating was also seen, when the rats were mated in the light phase (i.e., 6-8 h after lights on) [supporting information (SI) Fig. 4a] . However, the level of anxiety found after mating did not correlate with the number of intromissions (SI Fig. 4b ). Sexual activity did not significantly alter the locomotor activity and exploratory behavior after 30, 120, and 240 min, because the number of entries into the closed arms of the maze (24) and the frequency of rearings displayed in the white or black box (23) , respectively, were similar among groups ( Fig. 1 a-d) .
In a subsequent experiment, which has been performed because OT release already started to rise during the presence of the primed female (Fig. 2, dialysates 3 and 4) , the anxietyrelated behavior on the elevated plus maze was compared between males, which were either single-housed (n ϭ 9) or exposed to a primed female behind a perforated polycarbon wall (n ϭ 9). Statistical analysis revealed no differences in anxietyrelated behavior between these two groups 30 min after removal of the female (percentage of entries into open arms: singlehoused, 34.0 Ϯ 2.8%; presence of primed female, 36.9 Ϯ 4.0%; 
Monitoring of OT Release in the PVN of Male Rats During Mating.
In the next stage, we wanted to demonstrate that activation of brain OT because of sexual activity is likely to enforce these behavioral adaptations. Thus, to link the brain OT system with matinginduced anxiolysis, the dynamics of neuronal OT release was monitored within the PVN via intracerebral microdialysis. Fifteen-minute microdialysates were collected from male rats in their home cage during single housing, in the presence of the receptive (mated group) or nonreceptive (nonmated group) female behind a perforated wall, as well as during and after a 30-min mating period. A significant change in OT release within the PVN across the eight samples was found (factor time: F (7,91) ϭ 3.0, P ϭ 0.007), which depended on the presence of either the receptive or the nonreceptive female rat (factor mating: F (1,13) ϭ 6.88, P ϭ 0.021) (Fig. 2a) . It is important to note that even the presence of a receptive female behind the perforated wall tended to elevate the intra-PVN release of OT in the male rat (Fig. 2a, dialysates 3 and 4) . Therefore, auditory, visual, and/or olfactory stimuli originating from a receptive female are likely to contribute to the activation of the brain OT system in preparation for the anticipated sexual activity. However, significant activation of local OT release within the PVN was witnessed only during successful mating (P Ͻ 0.05 versus singlehousing and versus nonprimed group; dialysate 5). In contrast, OT release was unchanged in males, which were in contact with a nonreceptive female (Fig. 2a, nonmated group) . The microdialysis procedure per se did not affect mating behavior, because the number of intromissions (14.0 Ϯ 3.68) was not different than that of nonoperated rats (13.2 Ϯ 1.52). The mating-induced release of OT was locally restricted to the PVN as revealed by unchanged concentration in samples collected from outside the PVN ( Fig. 2a and SI Fig. 5 ).
Administration of an OT or a Vasopressin Receptor Antagonist. The demonstration of a significant release of OT within the male brain in response to mating consequently led us to determine whether there is a causal link between mating-induced activation of the brain OT system and the subsequent anxiolysis. Therefore, the widely distributed brain OT receptors (7) of mated male rats were blocked by administration of a selective OT receptor antagonist into the lateral ventricle via a previously implanted guide cannula. The antagonist treatment was performed immediately after removal of the receptive female from the male's cage to prevent adverse effects on penile erection and thereby sexual activity (10) . Confirming our hypothesis, the reduced level of anxiety-related behavior seen in vehicle-treated males on the plus maze 30 min after mating (two-way ANOVA, factor mating: F (1, 27) ϭ 12.0, P ϭ 0.022, compared with the respective singlehoused group) was prevented by the OT receptor antagonist (factor treatment: F (1,27) ϭ 9.13, P ϭ 0.036; Fig. 3a ; compared with the vehicle-treated mated males). This effect was neuropeptide specific, because in an additional group of male rats, administration of the receptor antagonist for the related neuropeptide vasopressin had no effect on mating-induced anxiolysis (Fig. 3b) . Furthermore, OT receptor antagonist administration had no effect on anxiety-related behavior in nonmated rats, which further proves that the up-regulation of the OT-system is responsible for the anxiolytic effect of mating.
Discussion
These results provide evidence that an elevated activity of the brain OT system, as a consequence of sexual activity, mediates the anxiolytic effect of successful mating in males. Thus, in- creased release of OT, as demonstrated within the PVN, is important not only for the regulation of sexual functions (10) but also for supporting future beneficial behavioral strategies. Multiple behavioral consequences of reduced anxiety are possible, which are likely to be species dependent. In rats, the most beneficial behavioral strategy for a male is to embrace the risky search for novel mating partners to ensure optimal distribution of his genes, especially in sparsely populated environments (25) . Also, OT has been shown to exert reinforcing and rewarding actions (26) . Therefore, the combination of these behavioral traits of increased OT after successful mating in the polygamous male rodent may facilitate the potentially risky search for receptive females (25) , increasing the chances for distribution of his genes. In addition, the activated brain OT system has also been linked to a general attenuation of stress responsiveness (5, 6, 16, 17, 27) , and brain OT was shown to promote non-rapid eye movement sleep (28) . Therefore, the phenomenon of increased relaxation, calmness, and sedation found in humans after sexual activity and orgasm (29, 30) , which are clearly related to anxiolysis, may also be mediated by an activated OT system. Moreover, although highly speculative, the possibility exists that enforced/reinforced trust to the sexual partner involves brain OT (15, 26) . However, the dominant behavioral trait from the wide range of possible OT effects in the postcoital period may depend on natural environmental conditions and the species considered (31).
The question arises via which brain circuitries OT exerts the anxiolytic effects after mating. The demonstration of matinginduced release of OT within the PVN points toward the possibility of direct OT effects within the PVN (13, 27) , a brain region integrating inputs from other stress-related brain sites and regulating anxiety (9, 27, 32) . Also, we may consider OT diffusion to remote regions (2) after local release in the PVN, as well as mating-induced OT release from axonal terminals originating within the PVN and projecting to other brain sites, such as the amygdala. Here, OT was shown to exert anxiolytic effects, to inhibit autonomic fear responses (12) and to promote sedation (14) . Moreover, the activation of the amygdala was reduced after intranasal OT treatment (17) , and after ejaculation in men (33) , further implicating similar anxiolytic mechanisms of OT actions across species. Thus, multiple brain regions relevant for OT actions might be involved in the anxiolytic effects seen after mating in male rats. This may also partially explain the fact that a rather transient increase in local OT release results in a behavioral effect that lasts over several hours. Additionally, the role of other neurotransmitter systems, including serotonin, dopamine, and opioids all activated during sexual activity (10, 34, 35) , and their regulation by OT needs to be considered.
The maintenance of emotional homeostasis including the regulation of a well balanced level of anxiety is a key function of limbic brain regions, which developed early in evolutionary terms. Brain OT, which is conserved throughout numerous species (36) , has been demonstrated to be a vital component of this circuitry. Our results demonstrate that sexual activity and mating behavior activate OT release within the male brain. In turn, the activated OT system contributes to reduced emotional responses to anxiogenic stimuli, which could be an important neurobiological mechanism supporting the positive effects of sexual activity on mental and physical health. In parallel, the increased risk-taking behavior found after copulation is likely to have evolved as an important behavioral strategy in male polygamous mammals to secure the successful distribution of their genes. Thus, our findings may further our neurobiological understanding of behavioral and emotional consequences of sexual activity, and the important involvement of brain OT.
Materials and Methods
Animals. Sexually naive adult male (body weight, 350-400 g) and female (200-250 g) Wistar rats (Charles River, Bad Sulzfeld, Germany) were used. They were kept under standard laboratory conditions (12:12 light/dark cycle, lights off at noon; 22°C; 60% humidity; food and water ad libitum). Female rats were ovariectomized under isoflurane anesthesia at least 3 weeks before the experiments, and were s.c. treated with estrogen (200 g/0.2 ml of oil) and progesterone (500 g/0.2 ml of oil; Fluka Chemie, Buchs, Switzerland) 48 and 6 h before start of the mating experiment, respectively, to increase sexual receptivity. Nonprimed female rats received 0.2 ml of oil. All experiments were approved by the local Bavarian government and performed in accordance with the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health.
Experimental Design. Effects of mating on anxiety in males. Singlehoused male rats were divided into the following three groups: single-housed males, males with a nonreceptive female, and males with an estrogen/progesterone-primed, receptive female. During the 30-min presentation of the respective female in the male's home cage, the number and frequency of mounts with intromissions were recorded.
Males were tested on the elevated plus maze or in the black-white box 30, 120, or 240 min after removal of the female. Mating experiments were performed in the dark between 1400 and 1700 (i.e., 2-5 h after lights off). In a second set of male rats, mating effects on anxiety were confirmed during the light phase (i.e., 6-8 h after lights on) (see SI Fig. 4) .
In an additional experiment, an estrogen/progesteroneprimed, receptive female was placed into the male's cage behind a perforated polycarbon wall allowing auditory, visual, and olfactory communication, but no physical contact for 30 min; males were tested on the plus maze after 30 min and compared with single-housed controls. Monitoring of OT release in the PVN of male rats during mating. Two days after stereotaxic surgery (14) (see SI Text), eight consecutive 15-min dialysates were collected: samples 1 and 2 were taken under basal, single-housed conditions; samples 3 and 4 were collected in the presence of a receptive or nonreceptive female behind a perforated wall allowing sensory communication, but no physical contact. Afterward, the wall was removed allowing sexual behavior (mated group) or physical contact (nonmated group) during collection of samples 5 and 6, before the respective female was removed and collection of samples 7 and 8. OT content in lyophilized microdialysates was quantified by RIA (37) (38) , or vehicle (sterile isotonic saline) were slowly infused into the lateral ventricle of the male rat (see SI Text). Infusions were performed after termination of the 30-min mating period and removal of the receptive female to avoid interference with sexual functions (39) . Thirty minutes after intracerebroventricular treatment, the anxiety-related behavior of mated male rats was tested on the plus maze. In a second experiment performed under otherwise identical conditions, a vasopressin V1a receptor antagonist d(CH 2 ) 5 Tyr(Me)vasopressin (0.75 g/5 l) (38) or vehicle were infused. Elevated plus maze. Anxiety-related behavior was tested on the elevated plus maze (6, 22) . Increased open-arm exploration (percentage of time spent on and number of entries performed into open arms; 140 lux) indicates reduced anxiety. The number of entries into closed arms (20 lux) monitored during the 5-min observation period indicates locomotor activity (24) . Black-white box. To confirm the anxiolytic effect of mating in another established test for anxiety-related behavior, rats were monitored in the black-white box (23) (lit compartment: 40 ϫ 50 cm, 350 lux; dark compartment: 40 ϫ 30 cm, 70 lux) 30 min after mating. The percentage of time spent in the lit compartment indicates anxiety-related behavior; the number of rearings is recorded as exploratory behavior (23) . Statistics. Data are presented as mean ϩ SEM. Either a one-way ANOVA (factor mating: single-housed, contact without or with mating; factor treatment) or a two-way ANOVA (factors, treatment ϫ time; or factors, mating ϫ treatment) was performed. All interactions were followed up by Bonferroni's post hoc tests for pairwise comparisons. Significance was accepted at P Ͻ 0.05. All statistics were performed by using SPSS 13.0 (SPSS, Chicago, IL).
